We report on the fabrication of depressed cladding waveguide lasers in Nd:YAG (neodymium doped yttrium aluminum garnet, Nd:Y 3 Al 5 O 12 ) ceramics microstructured by femtosecond laser pulses. Full control over the confined light spatial distribution is demonstrated by the fabrication of high contrast waveguides with hexagonal, circular and trapezoidal configurations. The confocal fluorescence measurements of the waveguides reveal that the original luminescence features of Nd 3+ ions are well-preserved in the waveguide regions. Under optical pump at 808 nm, cladding waveguides showed continuous wave efficient laser oscillation. The maximum output power obtained at 1064.5 nm is ~181 mW with a slope efficiency as high as 44%, which suggests that the fabricated Nd:YAG ceramic waveguides are promising candidates for efficient integrated laser sources.
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Introduction
As the basic elements in integrated photonics, optical waveguide structures can confine the light propagation in small volumes, achieving high optical intensities with respect to bulk materials, in which high-performance photonic devices could be constructed in small circuits [1] . Benefiting from the compact geometry, waveguide lasers usually reach reduced lasing thresholds and comparable efficiencies in respect to bulk laser systems [2] . [10] , the cladding structures receive less attention from the scientific community. The cladding waveguides could be fabricated with arbitrarily designed cross sections by using direct fs-laser irradiation. Particularly, the scales of the cladding waveguide cross section could be designed to match the diameters of the multimode fibers; consequently, the fiber-waveguide-fiber integrated photonic chips may be constructed by using the depressed cladding structures. In the cladding structures, the waveguide are located in the regions surrounded by the fs-laser induced tracks with negative refractive-index changes. Supposed to be the next-generation high-efficiency gain media for solid state lasers, polycrystalline Nd:YAG ceramics have attracted broad attention owing to their outstanding fluorescent and laser properties [27] . Compared with the Nd:YAG single crystal, the ceramics can be obtained with larger dimensions and comparable laser performance. In addition, owing to the advantages of the fabrication technique, larger neodymium ion concentration could be achieved without degradation in the optical properties, at variance with their crystalline partners. With combination of such advantages of the Nd:YAG ceramics and waveguide platform, it is very intriguing to construct a compact, cost-effective laser source for various photonic applications. As of yet, the Nd:YAG ceramic waveguides have been produced by the ion implantation/irradiation [28-30] and the double-line fs-laser inscription [31] , and waveguide lasers have been realized [32, 33] .
In this work, we report on the fabrication of depressed cladding waveguides with three different geometries in Nd:YAG ceramics by using fs laser inscription. Confocal fluorescence images of the structures reveal the good preservation of the original fluorescence properties of Nd:YAG in the active volume. Finally, we also report on the continuous wave (cw) laser performance of the inscribed waveguides at 1.06 µm by using an end-pumping geometry.
Experimental
The optically polished Nd:YAG (doped by 2 at.% Nd 3+ ions, obtained from Baikowski Ltd., Japan) ceramic wafer used in this work was with dimensions of 8 mm × 2 mm × 8 mm. The depressed cladding structures were produced by using an amplified Ti:sapphire laser system (Spitfire, Spectra Physics, generating linearly polarized 120 fs pulses at 800 nm, with 1 kHz repetition rate and 1 mJ maximum pulse energy) at the Universidad de Salamanca, Spain. The fs laser beam was focused by a microscope objective (Leica 40 × , numerical aperture N. A. = 0.65) and the pulse energy was set between 0.2 and 0.4 µJ with the help of a calibrated neutral density filter, a half-wave plate and a linear polarizer. The sample was placed in a motorized 3-axes stage and it was scanned at a constant velocity (700 µm/s), producing parallel damage filaments with separations of 3-4 µm at certain depths of the sample. Three structures with different configurations were fabricated.
The fluorescence images of the different fabricated structures were obtained in a homemade confocal microscope (See Fig. 1 for schematic plot of the experimental setup). The optical excitation was provided by a 488 nm cw diode laser, which was focused into the sample by using a 100 × microscope objective with a N. A. of 0.85. The 488 nm spot size (radius) formed at sample's surface was estimated to be ~0.7 µm. The subsequent emission generated by Nd 3+ ions was collected by the same microscope objective and after passing through different filters, lenses and pinholes was spectrally analyzed by a high resolution spectrometer. The sample was mounted onto to a three dimensional piezoelectric stage with an overall spatial resolution better than 10 nm. Both the spectrometer and the translation stage were simultaneously controlled in such a way that it was possible to scan the 488 nm excitation spot over the waveguide's cross section while acquiring the per-point emission spectrum. The acquired spectra were then spectrally analyzed and fitted by using the software LabSpec ® so that it was possible to obtain fluorescence images of the waveguides in terms of the different fluorescence properties (namely spectral position, width and intensity of fluorescence lines). The fluorescence images were finally processed by using the software WSMP ® [34]. The waveguide laser experiments were performed under an end-pumped arrangement. A cw 808 nm linearly polarized pump beam from a Ti:sapphire laser (Coherent MBR 110), as the pump beam, was coupled into the waveguide by using a convex lens (with focal length of 25 mm). The output lasers from the waveguide's exit facet was collected by a 20 × microscope objective and imaged by an infrared CCD camera. Two dielectric mirrors (the input one was with reflectivity >99% at 1060-1065 nm and transmission of 98% at 800-810 nm, and the output one was with reflectivity >99% at 800-810 nm and transmission of ~60% at 1060-1065 nm) were adhered to the two end faces to construct a Fabry-Perot oscillating cavity. The output coupler of the waveguide laser system was then determined to be 60%. The length of the laser cavity was 8 mm. The generated laser radiation at IR wavelength was imaged by a CCD camera and characterized by a spectrometer and a powermeter. To investigate the guiding properties of the structures, we utilized an end-face coupling setup to observe the near field intensity distributions (at a wavelength of 632.8 nm). Figures  3(a) , 3(b) and 3(c) depict the modal profiles of the hexagonal, circular and trapezoidal waveguides, respectively. As one can see, at 632.8 nm, all the three waveguides are multimode, and the boundaries of the near-field images are in good agreement with the respective geometries of the structures. We also found that the waveguides supported both TE and TM polarizations. By assumption of a refractive step index profile and from the experimentally obtained, the refractive index change taking place at filaments in respect to bulk can be estimated from 
where n is the refractive index of the bulk material, and Θ m is the maximum incident angle at which the transmitted power is occurring without any change. According to the measured Θ m we estimated the refractive index contrast ∆n ≈2.2 × 10 −3 between the inscribed tracks and the waveguide regions. This value is in good agreement with the fs-laser induced index changes of the Nd:YAG single crystal cladding waveguides [20] . Nevertheless, this approach offers only a rough estimation of the refractive index changes in the filaments induced by the fs laser pulses. Further investigations are required on the physical mechanisms of the refractive index modifications to obtain more accurate values. Figure 4 depicts the confocal µPL emission spectra related to the 4 F 3/2 → 4 I 9/2 and 4 F 3/2 → 4 I 11/2 transitions of Nd 3+ ions as obtained from a non-processed area (bulk) and from the center of the hexagonal structure (waveguide volume). Both emission spectra are virtually identical indicating that, basically, the fluorescence properties of Nd 3+ ions at the waveguide's volume have been preserved during the ultrafast laser inscription procedure. This is an outstanding feature since it means that the fabricated structures could constitute the basis of low-threshold, high-gain integrated laser sources. Similar properties were found from the circular and trapezoidal cladding waveguides. A detailed analysis of the emission spectra reveal that slight changes in both the spectral position and width of the different emission lines have been produced during ultrafast laser inscription. This is clear evidenced in the fluorescence images included in Fig. 5 that correspond to the cladding waveguide with the hexagonal geometry. Images correspond to the intensity, induced spectral shift and broadening of the Nd 3+ fluorescence line at around 940 nm. This line is commonly used for fluorescence images of Nd:YAG devices because it is well isolated from other lines and also because it shows and hyper-sensitivity to small changes in the Nd 3+ environments (such as strain, volume changes, disorders, and so on) [36] . From the first image it is clear that the fluorescence intensity is only reduced at the waveguide contour, where damage filaments are created. This is explained in terms of the high density of defects induced at these locations as a consequence of the localized optical breakdown. According to previous works [36] this localized damage causes a low-index barrier that confines light within the structure. As commented above, the intensity map also denotes a good preservation of fluorescence efficiency at the waveguide's volume. The fluorescence image obtained in terms of induced spectral shift (shown in the middle column in Fig. 5 ) also denotes a strong luminescence modification at the waveguide's contour. A strong luminescence shift towards lower energies (red-shift) has been produced at the damage contour. This is in accordance with the fluorescence images of Type-II waveguides in Nd:YAG [36] and it is attributed to a local compression of the Nd:YAG network as a consequence of the femtosecond laser induced optical breakdown caused in the Nd:YAG network. Note that at the waveguide's volume the fluorescence lines have been shifted towards larger energies (blue shift). We state that this blue-shift reflects a partial dilatation of the Nd:YAG network as a natural elastic response to the highly localized compression produced at the waveguide's contour. Finally, the fluorescence image obtained in terms of the spectral width denotes a large broadening of the fluorescence lines at the waveguide's contour. This, again, can be attributed to a local disordering of the Nd:YAG network as a consequence of the optical damage caused by the tightly focused laser pulses. This is, indeed, consistent with the fluorescence quenching observed at the waveguide's contour. Therefore, the fluorescence images included in Fig. 5 indicate that in our cladding waveguides the Nd:YAG network has been strongly modified only at the waveguide's contour, where the Nd:YAG network has simultaneously damaged, compressed and disordered. At the waveguide's volume, the Nd:YAG network has been only slightly modified, resulting in a partial dilatation that is not accompanied by any relevant disorder nor damage. Details of the emission spectra related to 940 nm line of Nd 3+ ions at the waveguide, damage filaments and bulk material are shown in the Fig. 6 . As can be observed, the emission lines at waveguide area and bulk material have similar peak position and FWHM. Whilst, the peak shift and line broadening happened at the damage filaments are clearly observed. This detailed graph of 940 nm emission lines explained the emitted intensity, energy shift and FWHM of the Nd 3+ emission lines (shown in Fig. 5 ) clearly. Figures 8 (a) and 8(b) depict the dependence curves of the output cw waveguide laser power (at wavelength of ~1064.5 nm) on the launched power and the absorbed pump power (at wavelength of ~808 nm) from the circular, hexagonal, and trapezoidal structures, respectively. From the linear fit (solid lines) of the experiment data, the slope efficiency of the trapezoidal, hexagonal and circular waveguide laser are determined to be Φ T = 10.6%, Φ H = 14.0% and Φ C = 18.6%, respectively, when the output power was depicted as a function of the launched one. By taking the coupling efficiency of the pump beam into the waveguides, one can obtain that the slope efficiency of the trapezoidal and hexagonal waveguide lasers are Φ T = 25.1% and Φ H = 33.1%, respectively, whilst it reaches Φ C = 44.0% for the circular waveguide ( Fig. 8(b) ).The advantage for the trapezoidal waveguide laser is the lowest lasing threshold power (P th , T = 95.6 mW), whilst the other two waveguides exhibit higher thresholds (P th , C = 121.6 mW and P th , H = 160 mW, respectively). As for the maximum output power of the waveguide lasers at 1.06 µm, the trapezoidal, hexagonal and circular structures are P out , T = 106 mW, P out , H = 128 mW and P out , C = 181 mW, at absorbed pump 808-nm power of P in , T = 520 mW, P in , H = 530 mW, and P in , C = 522 mW, denoting optical conversion efficiency of 20.4%, 24.1% and 34.7%, respectively. The error of the experimental data (measured pump power values) is within 3%. The laser performances of the waveguides are determined by the coupling efficiency of the pump beam into the waveguide laser cavity and the propagation loss of the waveguides. The former is determined by the overlap of the pump beam field and the waveguide modal profiles. Under our pump system, the circular waveguide is with largest area of the cross section and circular shape of the modal field (fitting that of the pump beam), which means somehow the highest overlap of the pump beam and the waveguide modal profiles (effective area), resulting in highest efficiency; in addition, the circular waveguide is with lowest propagation loss (0.8 dB/cm); the high coupling efficiency and low propagation loss result in a high maximum output laser power among these three structures. The only drawback of this system is the lowest intensity of the pump beam, which increases the lasing threshold somehow. The hexagonal waveguide is with smaller area and the pump light coupled into the guiding core is more focused than that in the circular waveguide, however, the lasing threshold is higher in the hexagonal one, which may be due to the higher propagation loss (1.2 dB/cm). Moreover, the trapezoidal waveguide has the smallest effective area, which results in lowest lasing threshold, although the propagation loss of this structure is the highest (1.4 dB/cm). We also found that the ratio of the maximum output power and the optical conversion efficiency among the circular, hexagonal and trapezoid waveguides are ~1.75:1.2:1 and ~1.7:1.2:1, which are close to the ratio of the areas of the waveguides ~1.8:1.4:1. In principle, one could find a balance on the laser efficiencies and pump thresholds according to the practical requirement. The laser performance of the Nd:YAG ceramic waveguides is comparable to those reported in Nd:YAG single crystal cladding waveguides [20] . Compared with the highly efficient stress-induced Nd:YAG waveguides, the advantage of the cladding waveguide systems is that the large cross sections of the cladding waveguides with circular cross sections are comparable to the multimode fibers of laser diodes (LD) for construction of fiber-waveguide platform, which makes them very promising for new LD pumped compact laser sources. This may be helpful to reduce the total costs of the waveguide laser system, and realize high output power waveguide lasers by taking the advantage of high-power, low cost LD pump lasers.
Summary
In summary, we have successfully fabricated depressed cladding Nd:YAG ceramic waveguides with different geometries by fs laser inscription. From the analysis of the confocal fluorescence images of the cladding structures we have identified the main physical mechanisms at the basis of waveguide formation. It has been concluded that the damage induced low refractive index barrier constituted by femtosecond laser induced optical breakdown is the main responsible of light confinement within the structures. Efficient laser operation at 1.06 µm of the fabricated waveguides has been demonstrated under 808 nm optical pump at 808 nm. The maximum output laser power is ~181 mW with a slope efficiency as high as ~44.0%. The excellent laser performance indicates potential applications of the fs-laser written Nd:YAG ceramic cladding waveguides as efficient integrated laser sources.
